In this paper, a fast mass transfer anaerobic inner loop fluidized bed biofilm reactor (ILFBBR) was developed to improve purified terephthalic acid (PTA) wastewater treatment. The emphasis of this study was on the start-up mode of the anaerobic ILFBBR, the hydraulic loadings and the operation stability. The biological morphology of the anaerobic biofilm in the reactors was also analyzed. The anaerobic column could operate successfully for 46 days due to the pre-aerating process. The anaerobic column had the capacity to resist shock loadings and maintained a high stable chemical oxygen demand (COD) and terephthalic acid removal rates at a hydraulic retention time of 5-10 h, even under conditions of organic volumetric loadings as high as 28.8 kg COD·m
INTRODUCTION
Purified terephthalic acid (PTA) is one of the most important starting materials for various petrochemical products, such as polyester films, polyester textile fibers, and polyethylene terephthalate bottles. In recent years, world PTA production has steadily increased from 26 million tons in 2002 to 42 million tons in 2006 (Kwak et al. ) . Generally, in the PTA manufacturing process, a high strength organic wastewater, so-called PTA wastewater, with 3-10 kg COD·m À3 ·d À1 is generated (Kleerebezem et al. ; Garg et al. ) . The primary organic pollutants in the wastewater are terephthalate (TA), acetate, benzoate, and para-toluate (Zhang et al. ) . Although many physicochemical techniques have been reported to effectively mineralize PTA wastewater (Thiruvenkatachari et al. ; Kwak et al. ; Pillai et al. ; Anand et al. ) , these techniques remain limited in practical application due to their operational expense. In contrast, the use of a biological process is a cost-effective method for the degradation of PTA wastewater, with the advantages of high degradation efficiency and operation stability (Pophali et al. ; Kim et al. ) .
Anaerobic biodegradation technology has a major role in the treatment of high concentration organic wastewater. A number of studies on PTA wastewater treatment are presented in Table 1 Table 1 , the popular anaerobic biodegradation technologies such as upflow anaerobic sludge blanket (UASB), anaerobic filter (AF), expanded granular sludge bed (EGSB), anaerobic fluidized bed biofilm reactor (AFBBR), etc. have been applied in PTA wastewater treatment. The organic loadings presented in most studies are below 5 kg COD.m
À3
.d
À1
, which means a special technical bottleneck is affecting the operation performance of anaerobic technology on the high strength PTA wastewater treatment.
Mass transfer is considered to be an important factor influencing the biological reaction rate, and the anaerobic biodegradation rate for wastewater could be accelerated by the introduction of fast mass transfer. . In many cases, the start-up period of an anaerobic process can be up to 4-8 months, and even more than 12 months, before a steady state is reached (Punal et al. ) . Many researchers found that pre-aeration could improve the start-up and performance of anaerobic digestion (Ye et al. ; Charles et al. ) . Christensen reported that microbial expolymers in the biofilm may assist in binding microbial cells to the surface of the carrier (Christensen et al. ) . In aerobic conditions, microorganisms could grow faster and secrete many polysaccharides (a form of expolymers), which significantly reduces the biofilm formation time (Robinson et al. ) . Ye et al. () found aeration pretreatment could facilitate the anaerobic biofilm formation and the biofilm in the anaerobic expanded bed reactor was thicker than that without pre-aeration.
The goal of this study was to develop and evaluate a novel anaerobic inner loop fluidized bed biofilm reactor (ILFBBR) technique for high efficiency PTA wastewater treatment. High-density lava rock with a good bioaffinity was screened as fluidized particles to get a fast mass transfer process owing to the large fluidized rate difference between lava rock carrier and liquid. This study also aimed to use the pre-aeration method to accelerate the start-up of an anaerobic ILFBBR.
MATERIALS AND METHODS

Fluidized bed reactors
A schematic diagram of the laboratory-scale experimental set-up is shown in Figure 1 . The anaerobic ILFBBR column was made of acryl glass, with an outer cylinder (ID: 7.0 cm, length: 77.0 cm) and an inner cylinder (ID: 3.4 cm, length: 71.0 cm). The enlarged top section of the anaerobic ILFBBR column (anaerobic, ID: 21.0 cm, length: 17.0 cm) was equipped with a gas-liquid-solid separator. The working volume of the anaerobic ILFBBR column was 2.8 L. The biofilm carriers were lava rock particles with diameters in the range of 0.25-0.85 mm and a real density of 2.64 × 10 3 kg. m À3 . The lava rock particles were selected as carrier material due to their high density, resulting in fast dropping velocities, and on the basis of a previous study (Zhu & Zhu ) . As shown in Figure 1 , during the operating process the PTA wastewater is pumped into the bottom of the anaerobic ILFBBR.
The fluidization of the anaerobic column was achieved by recirculation of the effluent from the gas-liquid-solid separator at a flow rate of 240 L.h À1 in order to maintain a liquid superficial velocity of 264.6 m/h (Chen et al. ) .
PTA wastewater
In this study, the PTA wastewater was obtained from a PTA manufacturing plant (Yangzi Petrochemical Co. Ltd, Sinopec, China). The basic characteristics of the wastewater were as follows: chemical oxygen demand (COD): 4,500-6,800 mg.L À1 , TA: 1,700-2,200 mg.L À1 , and pH 3-5. The wastewater quality changed with the actual industrial production.
The feeding solution was prepared by adding N and P in the form of (NH 4 ) 2 SO 4 and KH 2 PO 4 to the PTA wastewater in order to reach a COD:N:P ratio of 200:5:1 and supply adequate nitrogen and phosphorus amounts to the microorganisms. A microelement solution was also added, which contained the following: CaCl 2 50 mg.
. The pH of the anaerobic reactor feeding solution was adjusted using Na 2 CO 3 to maintain the level of pH at 6.5-7.5. At this pH, TA was soluble.
Experimental procedure
At the start-up of the system, 1.0 kg of raw fluidized particles and 1 L of activated sludge of 3.6 gVSS.L À1 (collected from the Yangzi Petrochemical wastewater plant) were fed into the anaerobic column directly. At the pre-aerating stage, the influent COD was 1,000 mg.L À1 , and the air flow rate was controlled at the level of 80-120 L.h À1 (dissolved oxygen: 2.2-3.5 mg.L À1 ). Finally, the aerating biofilm formation was accomplished in 10 days. From the 11th day onward, the aeration was stopped and nitrogen gas was bubbled to expel the air in the reactor. Meanwhile, the reactor was sealed to produce an anaerobic environment, and 1.5 L of mixed anaerobic suspended sludge with 13.3 g VSS.L À1 was fed into the reactor. The fluidization of the column content started after 24 h of static cultivation, and the COD loading was gradually increased by increasing the feed rate while keeping the influent COD at approximately 5,000 mg.L À1 , and the organic loading rate (OLR) was approximately 4 kg COD.m
column was maintained at a temperature of 33-35 W C. To achieve a high efficiency using these ILFBBRs, the OLR of the anaerobic fluidized bed was raised gradually during the operation period. The operational conditions used are presented in Table 2 .
Analytical methods
The samples used for the analysis were collected from the influent, the anaerobic column effluent, and the secondary settler effluent. The total suspended solids, the volatile suspended solids (VSS) and the COD were evaluated according to Standard Methods for the Examination of Water and Wastewater (Eaton et al. ). The TA concentration was estimated using a UV spectrophotometer with wavelength of 240 nm (Lambda 25, Perkin Elmer American) (Yang ) . The amount of other benzenic compounds usually present in PTA wastewater (o-, m-phthalic acid, o-, m-, p-toluic acid, benzoic acid, trimellitic acid, 4-carboxybenzaldehyde) were too low to produce a measurable optical density at 240 nm which can then be considered as a measure of TA concentration. Biogas production was measured by a drainage method using the serum bottle, and volatile fatty acid (VFA) concentration was determined using a gas chromatograph (Shimadzu) equipped with a molecular sieve column (carbon molecular sieve TDX-01, 2 m × 4 mm) and a flame ionization detector. The alkalinity was measured using a neutralization titration method (Eaton et al. ) . The attached volatile solids on the carrier was examined according to the method in Eldyasti et al.
() and expressed as mg VSS.g À1 clean particles. All samples were determined in triplicates and the final data presented in this paper are average values.
Microscopy techniques were applied to study the biofilm attached onto the carrier of anaerobic and aerobic columns, and the samples were prepared according to the method in Ye et al. () . Depending on the experimental conditions, the granule samples were observed using one of two types of scanning electron microscope (SEM) (S-3400N II, Hitachi Japan; JSM-5900, Electronic Company Japan).
RESULTS AND DISCUSSION
Start-up of the anaerobic column
The aerobic biofilm was easier to grow on the carrier surface because some mucopolysaccharide secreted by the bacteria could assist attachment of the bacteria to the carriers. Once the pre-aerating biofilm in the column formed and became mature, the column could be transformed to operate in anaerobic conditions. The whole biofilm formation process is described in Figure 2 . By the end of 10 days, when the influent COD was approximately 1,000 mg.L À1 , the COD removal efficiency was close to 80%. Meanwhile, the special pollutant TA removal efficiency reached approximately 70%. It was determined that the biofilm on the carriers played the leading role for wastewater degradation because the suspended solids in the reactor effluent was less than 100 mg.L À1 . From the 11th day onwards, the operation mode was changed to the anaerobic state. The influent COD was increased gradually when the COD removal efficiency was maintained above 70%. From Figure 2 , the anaerobic column start-up was found to perform well except for the 11th day, which highlights the positive role of the pre-aerating biofilm. The bioaffinity of the carrier surface was improved due to the attachment of the aerobic microorganisms, and the aerating biofilm characteristics were more propitious to the anaerobic microorganism attachment, which obviously shortened the anaerobic biofilm culture period. The same method had also been adopted by Ye et al. () and the results showed the advantage of pre-aeration in contributing to the anaerobic biofilm formation. Once the mature biofilm was attached to carriers, the retention time of the fixed anaerobic bacteria was much longer than that of the traditional anaerobic techniques, which could retain a higher and stable anaerobic microorganism quantity in the anaerobic process. By the 46th day of the experiment, the anaerobic degradation was in steady-state operation, with COD and TA removal efficiencies all above 70% on average when the influent COD had been increased to above 3,000 mg.L À1 at a HRT of 35-45 h. It was concluded that the anaerobic column for PTA wastewater treatment could be started successfully within the 46-day period by using the pre-aerating approach.
The important parameters and indicators of anaerobic degradation such as VFA and alkalinity (ALK) were also determined to illustrate the stability of the anaerobic column. The rate-limiting step was found to be the conversion from TA to low-molecular weight acids just as shown in previous studies (Kleerebezem et al. ; Qiu et al. ) , which means that accumulation of VFA will not happen frequently. In this experiment, as shown in Figure 3 , the VFA concentration in the anaerobic column always remained in the range 150-200 mg.L À1 , despite the organic loading increase, which was a positive signal for the good operational state of the anaerobic biodegradation process. The ALK changed in the range of 1,000-2,000 mg CaCO 3 .L À1 , which also indicated the good performance of the anaerobic column operation. The attached anaerobic microorganisms strengthened their defense to the environment changing, such as influent loading, temperature, and influent pollutants.
Loadings of the anaerobic column
The experiment to study the effects of increasing the loadings was divided into three stages (III, IV, and V). The influent wastewater was supplied directly from an industrial plant, which perhaps had certain fluctuations in water quality depending on the actual production process of the factory. As a result, the means to increase the hydraulic loading was to reduce the HRT gradually in the operating system. In stage III of the anaerobic column, from the 46th day, the raw PTA wastewater was pumped into the reactor directly, with an influent COD of approximately 5,000 mg.L
À1
, and the HRT was reduced to 30-35 h at the same time. From Figure 4 , the COD removal efficiency even exceeded 80% and the TA removal efficiency remained above 70%. In this case, the anaerobic column was considered to be fully mature and able to treat raw PTA wastewater, thus making it feasible to increase the hydraulic loadings. In this stage, the performance of the anaerobic ILFBBR was shown to be similar to that obtained by Cheng et al. () From the 60th day, the HRT was decreased dramatically to 15-20 h. With the sudden increase of hydraulic strength, the anaerobic microorganisms on the carriers responded to the change of surroundings and the biodegradation was suppressed temporarily. From the operational data in Figure 4 , we know the COD and TA removal rates were restored to a high level promptly, within 1-2 days. To maintain the stability of the anaerobic column, the next HRT reducing actions were accomplished only after the biodegradation remained stable for 3-5 days. Over the period 60 to 144 days, an organic volumetric load of 10 kg COD.m
À3
.d À1 could finally be reached while maintaining COD removal at over 60%, which illustrated the strong resistance to hydraulic loadings of the anaerobic ILFBBRs. The reasons for this high resistance of the reactors are three-fold. First, the anaerobic microorganisms adhered onto the carriers suffer less impact from loading increases than free microorganisms. Second, the influent high concentration substrates could be diluted immediately in the condition of fast fluidization in the Figure 4 . The COD and TA removal rates were found to decrease to only 40-50% at the start of each reduction of HRT, followed by a recovery to above 60%. In particular, for a HRT of 5 h, it took approximately 10 days to restore the capacity of the reactors, with COD and TA removal rates near 80% and 70%, respectively. The effect of load shocking was temporary even at hydraulic loadings close to 30 kg COD.m À3 .d À1 owing to the fast mass transfer and plenty of high bioactivity microorganisms. This meant the preliminary potential on high hydraulic loadings was interesting, and the long time operation with high loadings will be put forward by a pilot reactor in our forthcoming study in order to investigate the practicability. A similar result was reported by Andalib et al. () respectively (Tsuno & Kawamura ) , which illustrates that the performance of the fast mass transfer anaerobic ILFBBR developed in this study was better than that of an expanded-bed anaerobic reactor, especially in the high concentration wastewater treatment. In general, even though the performance of the anaerobic ILFBBRs exhibited fluctuations under the different hydraulic loadings, the resistance to the loading shocks was strong, and the system could operate perfectly, even for high hydraulic loadings.
Morphology analysis of the anaerobic biofilm
The start-up period of the anaerobic column was shortened in the case of pre-aeration. A comparison of the SEM images of the pre-aerating biofilm and the anaerobic biofilm is shown in Figure 5 . From Figure 5 (a), it can be seen that the pores of the carrier are filled with much aerobic sludge (marked by a green circle), and even the surface of the carrier was adhered with some sludge. More amazing was that vorticellas (marked in a red circle) were observed attached onto the carrier surface, although the chances of vorticellas growing in PTA wastewater treatment sludge are very small. The possible reason for this is that TA could be biodegraded with higher efficiency in the rapid mass transfer ILFBBR, which greatly decreases the TA toxicity. Additionally, the carrier biofilm could provide a physical surrounding to protect vorticellas, thereby avoiding severe hydraulic loading shock. The biofilm formatted on the carriers improved the bioaffinity of the carrier surface, which enabled the adherence of anaerobic microorganisms. Figure 5 (b) reveals the micro-structure of a mature anaerobic biofilm. Clusters of methanogenic consortia grew abundantly and were mixed with special filaments inside the pores. It was speculated that the filaments were formed by the residuals from filamentous bacteria during the pre-aeration period and provided a stable spatial structure for the formation of the anaerobic biofilm.
CONCLUSIONS AND PERSPECTIVES
Development of a highly effective technology for high strength organic wastewater treatment that enables reduced energy consumption and operation cost is very important in the environmental field. In this study, a fast mass transfer anaerobic ILFBBR technique was developed and applied to the treatment of PTA industrial wastewater.
Using pre-aeration allowed start-up of the anaerobic column in only 46 days, which could be explained from SEM showing many filaments mixed with clusters of methanogenic consortia inside carrier pores. The high performance of the ILFBBR reactor was shown by PTA wastewater COD and TA removal rates close to 80% and 70%, even at HRT as short as 5 h. Also, the anaerobic column exhibited a strong resistance capacity to shock loadings. The high COD removal rate for high concentration PTA wastewater was obtained owing to the advantages of fast mass transfer and high active microorganism existing inside carrier pores, as shown by SEM morphology analysis. Meanwhile, the proposed technique also had the advantages of small area footprint of the reactor and low cost.
We will continue to study the ILFBBR technique in detail, including the use of novel functional carrier screening and preparation, performing a fluidized field simulation, and establishing a large scale design rule to accomplish the industrial application of the technique.
